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I, Professor Birger Lindberg M0ller, being duly sworn, depose and say: 

1 . I am an owner of the above-identified application and a person of ordinary skill in the art in 
the field of the subject matter of the above-captioned application for patent. 1 am also 
completely familiar with the contents of the above-captioned patent application and also with 
the disclosures contained in Moehs et al (The Plant J. 1 1(2): 227-236, 1997; hereinafter 
"Moehs"), Day et al, (FEBS letters 486 (1998); hereinafter "Day"), Arend et aL (Biotechnol, 
Bioeng. 76(2):126-31, 2001, esp. pp. 129-130; hereinafter "Arend") and Priefert (Applied 
Microbiol Biotechnol. 56:296-314 (2001); hereinafter "Priefert"), cited in the Office Action 
of November 5, 2009, in connection with the above-identified patent application and in which 
certain claims were rejected over the disclosures of these references, 

2. I am a professor of plant biochemistry and Head of the research centre Pro- Active Plants 
founded by the Villum Kann Rasmussen Foundation and Deputy Director of the Synthetic 
Biology research centre, one of four "centres of excellence" in Denmark established by the 
Ministry of Science, Technology and Innovation in 2009. I graduated from the University of 
Copenhagen, Denmark in 1972, receiving a MSc degree in plant biochemistry and organic 
chemistry; I subsequently obtained my PhD from the University of Copenhagen, Denmark in 
J 972, and received my DSc degree in plant biochemistry from the University of Copenhagen, 



Denmark, in 1984. 1 was employed from 1975 to 1977 as a Fulbright scholar in plant 
biochemistry at the University of California, Davis, USA. From 1977 to 1984 1 was employed 
as Senior Research Scientist and "Niels Bohr Fellow of the Royal Danish Academy of 
Sciences at the Physiology Department of the Carlsberg Laboratory. In 1984, 1 was appointed 
as Research Professor at the Royal Veterinary and Agricultural University (now faculty at the 
University of Copenhagen). In 1989, 1 was appointed Full Professor in Plant Biochemistry at 
the University of Copenhagen, a position I am still holding. In the period 1988-2008 1 have 
been Head of Center for Molecular Plant Physiology, the center of excellence in plant biology 
in Denmark established by the National Danish Research Foundation, In 1998, 1 was 
appointed Head of a new center of excellence supported by a grant from the Villain Kann 
Rasmussen Foundation, In 2009, 1 was appointed Deputy Director of a new research centre 
within Synthetic Biology at the University of Copenhagen established by the Ministry of 
Science, Technology and Innovation as one of four centres in Denmark. From 1992 to this 
date I have been a member of the Danish Board of Patent Appeals appointed by the Danish 
Minister of Finance. Throughout my career, my key research interest has been the 
biochemistry of bioactive natural products and the cytochromes P450 and 
glycosyltransferases involved in their biosynthesis. This work includes designing and 
establishing a synthetic pathway for vanillin and vanillin glucoside in yeasts (J. Envir. Appl, 
Microbiol 75: 2765-2774 (2009)) where I am engaged in the challenge to identify a 
glucosyltransferase able to convert vanillin into the corresponding glucoside and in screening 
yeast strains for their ability to produce vanillin and vanillin glucoside, 

3. Therefore, being completely familiar with the subject matter of the patent application 
including both the specification and claims, the cited references, and the properties of the 
methods in the patent application and in the references, it is clearly evident to me that, on 
comparison of the latter methods of the cited art with those of the claims in the present 
application, the claims in the present application present unobvious and patentable advances 
over the cited art, particularly because of the superior, unobvious, un-expected, and different 
properties of the methods and compounds of the instant specification and claims, as is set 
forth below. 

4. As is set forth in the specification of the present application, at para. [00 1 7] - [0020] 
(publication version US 2006/0275877), the present application compares a microorganism 
into which has been inserted genes involved in the biosynthesis pathway leading to a low 
molecular weight aglycon compound with the same microorganism into which in addition has 
been introduced a glycosyltransferase gene capable of glycosylating the produced aglycon and 
as a result obtain within the microorganism the corresponding glycosylated form of the 
aglycon, The findings presented in this portion of the specification set forth that the 
microorganism with the glycosyltransferase during culture fermentation is capable of 
producing higher amounts of the glycosylated form of the aglycon as compared to the 
amounts of the corresponding aglycon produced by the microorganism without the 
glycosyltransferase. The state of the cited art fails to illustrate, teach, suggest, or motivate this 
development. The "overproduction" of the compounds of the instant development and the 
absence of this activity in the prior art compound is unexpected and unobvious, 

5. As set form in the specification of the present application, para. [0014] Moehs, C P et al, Plant 
Journal (1997) 1 1 :227-236 merely describes that a cDNA encoding a solanidine 
glucosyltransferase (SGT) was isolated from potato. The cDNA was selected from a yeast 
expression library using a positive selection screen based on the higher toxicity of steroidal 
alkaloid aglycons relative to their corresponding glycosylated forms. The activity of the 
expressed cloned SGT was tested in an in vitro assay based on isolated recombinant produced 
SGT. The application of the cloned SGT brought forward by Moehs is clearly summarized in 
the last sentence of the introduction: 'The molecular cloning of SGT opens the possibility of 
developing novel methods to decrease SGA levels in potato cultivars by down-regulating the 
expression of this enzyme using antisense RNA transgenes" (end of citation). Moehs thus 
advises to downregulate SGT expression to reduce the level of the accumulated glucoside. 
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This advice is in direct opposition to the approach of the instant application which teaches 
introduction of genes encoding enzymes of a biosynthetic pathway for an aglycon 
concomitant with introduction of a glucosyltransferase to substantially convert the aglycon 
formed into the corresponding non-toxic glucoside with the aim of increasing the level of a 
desired glucoside. The promoter used to drive the expression of the glucosyltransferase 
encoding gene is strong and provides quick conversion of the aglycon into the corresponding 
non-toxic glucoside. It is my clear opinion that Moehs serves to highlight in a very clear 
manner that the technologies described in the present application possess a number of 
properties entirely different from and not shown or indicated by Moehs or the other cited art. 

6. Moehs teaches that a glycosylated form of solasodine may be obtained when the relevant 
glycosyltransferase (SGT, solanidine glucosyltransferase) is incubated in vitro with the 
isolated recombinant SGT in the presence of UDPG and solasodine. However, Moehs does 
not at all teach or suggest whether the yeast or E. coli could produce the glycosylated form of 
the solasodine in vivo because no relevant biosynthesis pathway genes for solasodine were 
introduced in the described yeast or E. coli cells. The formation of the glycoside as reported 
in Moehs occurs outside the ceil The SGT enzyme is isolated from the cells expressing SGT 
(solanidine glucosyltransferase), and this enzyme is then used in test tube experiments to 
glycosylate exogenously added solasodine. Thus it is not shown that the glycosylated 
compound may be obtained under in vivo conditions of the cell where enzyme and substrate 
compartmentalization or unfavorable pH values may obstruct product formation. In the instant 
application we demonstrate that the aglycon may be efficiently glueosylated in vivo without 
accumulation of the aglycon, the aglycon perhaps being toxic. Likewise, industrial production 
of vanillin glucoside according to the methodology of Moehs is not economically feasible 
because the process requires addition of stoichiometric amounts of highly expensive UDPG 
(the activated glucose donor used by the enzyme), In some examples of the present patent 
application, live yeast cells are producing the required amounts of UDPG for vanillin 
glucoside production themselves, i.e., the technology platform presented in the present patent 
application renders vanillin glucoside production in yeast of economical interest. This again 
serves to highlight the differences between previous art and the technology platforms 
presented in the present application, 

7. Moehs also does not teach, suggest or motivate the possibility of obtaining increased amounts 
of the desired aglycon by first forming targe amounts of the glueosylated aglycon and then 
liberating the free aglycon again by treatment with a deglycolsylating agent such as beta- 
glucosidase. The purpose for the glycosylation in Moehs is to render the externally added 
"toxic" solasodine (the aglycon) less harmful so that the yeast cell will grow faster in an 
environment into which solasodine is administered from an external source. Indeed, for this 
reason, degjycosylation is contra-indicated as it would inhibit as opposed to enhance yeast 
cell growth. As outlined above (under paragraph 6), in the present application, the technology 
includes substantially simultaneous expression of the genes encoding enzymes responsible for 
the synthesis of the aglycon and of the glucosyltransferase converting the aglycon into the 
corresponding glucoside. This avoids accumulation of the toxic aglycon; Using the 
technology outlined in the instant application, growth retardation of the yeast cells would not 
be encountered because the toxic aglycon (solasodine) would not accumulate. Thus the 
problem that Moehs proposes to solve is not encountered using the technology described in 
the present application and claims. 

8. Figure 7 of Moehs is not relevant to the present application because the data reported in 
Figure 7 represent the in vitro-tested activity of the cloned enzyme SGT, For the testing of 
Figure 7, the recombtnantly produced solanidine glucosyltransferase SGT is tested for the 
desired activity in vitro. It is clear that the amount of glucoside produced is higher in the 
experiments where enzyme extracts from yeast expressing the SGT gene were used in 
comparison to extracts of yeast that did not contain the SGT encoding gene. However, these 
experiments are carried out in vitro and involve addition of the aglycon and demonstration of 
its conversion into the corresponding glucoside when the yeast extract is made from a yeast 
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expressing the glucosyltransferase. It is clear that no glucoside would be formed using a yeast 
extract not expressing the glucosyltransferase encoding gene. These results cannot therefore 
be compared to the overproduction of the glucoside reported in the present application where 
the yeast harbors the genes encoding the enzymes required for the synthesis of the aglycon as 
well as the glucosyltransferase. In the present application, it may be that the overproduction is 
achieved because the aglycon is toxic to the living yeast cells and this toxic effect is relieved 
by converting the toxic aglycon into the nontoxic corresponding glucoside. The results 
presented in Figure 7 of Moehs are therefore not comparable to the results on overproduction 
achieved in the present application, Moehs does not teach, suggest or motivate the 
combination of operations of the developments presented in the claims of the present 
application. 

9. The conclusions of the Office Action of November 5, 2009, page 4, lines 10^1 1 and 14-15, 
that a [b]oth the SGT and the solanidine genes were introduced into S. cerevisiae" and that 
"[Moehs] also shows that the cell is capable of producing higher amounts of glycosylated 
solanidine with SGT present, than without" are inaccurate or at the very least mis-leading in 
the present context As described in paragraphs 6, 7 and 8 hereabove, the cells of Moehs did 
not have introduced therein both the genes for production of the aglycon solasodine as well as 
the genes for the production of the enzyme SGT. As the conclusions of the Office Action of 
November 5, 2009, page 4, lines 10-1 1 and 14-15 are therefore based on inaccurate 
assumptions and present an inaccurate summarization of the Moehs process, the presently- 
claimed subject matter is not obvious in view thereof, 

10. Neither of the Day or Priefert cited references supplement these failures of Moehs to 
demonstrate or suggest the production in the cell of the glycosylated form of the aglycon. 
Indeed, neither Day nor Priefert were cited for such. Thus, no matter what Day may teach of 
deglycosylation of flavanoicl, and/or no matter what Priefert may teach of the production of 
aglycon vanillin; neither teach or suggest or motivate one of skill in the art to cure the failures 
of Moehs; i.e., neither of Day nor Priefert, nor any combination thereof suggests or motivates 
the introduction into the yeast cell of genes for production of the aglycon as well as 
introduction into the yeast cell of genes for production of the glycosyltransferase for 
production of the glycosylated form of the aglyconn 

1 L As further set forth in the specification of the present application, para. [0013], Arend, J et al,, 
Biotech. & Bioeng (2001) 78:126-131 and WO01/07631 merely describes cloning of a 
glucosyltransferase from the plant Rauvolfia serpentina. The cloned glucosyltransferase was 
inserted into E. coli bacteria. When the aglucones hydroquinone, vanillin and p- 
hydroxyacetophenone were added to the medium of cultivated cells of the engineered E. coli, 
the corresponding glucosides, arbutin, vanillin-D-glucoside and picein were synthesized. 



12. As was the case with the Moehs disclosures, the Arend process involves merely the 
production within/by the E.coli of the glucsyltransferase enzyme, but not of the aglycon itself. 
Rather, the aglycon, e.g., vanillin here, is added to the medium wherein the 
glucosyltransferase then interacts therewith to achieve the glycosylation thereof. Arend does 
not cure the failure of Moehs to teach, suggest or motivate the introduction of discrete genes 
for production of both the aglycon and for the glucosyltransferase 

13. In contradistinction each instance of the examples from the cited art, and any combinations 
thereof, the claims and specification of the present application demonstrate differences that 
are novel and nonobvious over the state of the art. The processes of the present developments 
were found to be significantly more productive, and unexpectedly so, over the known 
methods in the art. Surprisingly, the present development's in-cell synthesis of both vanillin 
and the glycosylated version of the vanillin has been proven to improve the ultimate yield of 
vanillin upon deglycosylation of the glycosylated product. 
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14. Scientific acknowledgment of the achievements demonstrated by the present application can 
be found in the published article in Applied and Environmental Microbiology; de Novo 
Biosynthesis of Vanillin in Fission Yeast (Schizosaccharomyces pombe) and Baker's Yeast 
(Saccharomyces cerevisiae), Esben H. Hansen et al,, APPLIED AND ENVIRONMENTAL 
MICROBIOLOGY, May 2009, p. 2765-2774 (Exhibit A, attached hereto). This article 
corresponds to and reports on the developments of the present application and notes that 
vanillin is one of the world's most important flavor compounds, with a global market of $ 1 80 
million. In the article, the authors, of whom I am one, establish a true de novo biosynthetic 
pathway for vanillin production from glucose in Schizosaccharomyces pombe, also known as 
fission yeast or African beer yeast, as well as in baker's yeast, Saccharomyces cerevisiae. The 
article illustrates that productivities were 65 and 45 mg/liter, after introduction of three and 
four heterologous genes, respectively. These de novo pathways represent the first examples 
of one-cell microbial generation of these valuable compounds from glucose. & pombe yeast 
has not previously been metabolieally engineered to produce any valuable, industrially 
scalable, white biotech commodity. In sum, in this peer-reviewed article, the method is 
shown to be the first of its kind and a nonobvious development over the prior art. 



15. The present patent application was filed in June 2004, We published the data presented in the 
patent application in 2009 (see Exhibit A, described in paragraph 14, supra). In spite of this 
five year gap* the publication of the methods described in the subject application immediately 
garnered substantial attention in the scientific community. For example, the top ranked 
journal Nature Reviews in its Microbiology reports (Nature Reviews, Vol. 7, May 2009 
(Exhibit B, attached hereto)) chose our paper as a top story and commented that 

"Hansen and colleagues have now produced strains of Saccharomyces 
cerevisiae and Schizosaccharomyces pombe that can produce vanillin. They 
first searched for strains that did not convert vanillin to vanillyl alcohol. 
They then added genes from the dung mould Podospora paueiseta, a 
bacterium of the Nocardia genus, and humans, which allowed the yeast 
strains to produce vanillin (an additional gene from Corynebacterium 
glutamicum was added to S. cerevisiae to activate the Nocardia enzyme). At 
45-65 mg per litre, vanillin production was at a sufficient level to scale up 
for large-scale industrial production. These de novo pathways for vanillin 
synthesis in yeast represent the first examples of one-cell microbial 
generation of these valuable compounds from glucose." 

Thus, the review article illustrates that the scientific community, which by definition are 
and/or bclude persons skilled in the art, understand this method to be novel and nonobvious. 

1 6. Science News also selected our paper on vanillin glucoside production in yeast for 
commenting and discusses how the inventors increased the yeast yield of vanillin in this 
process by adding an additional gene that encodes for an enzyme that converts vanillin into its 
glycosylated form. The article explains that the glycosylated form is not toxic to the yeast, 
"allowing the yeast to hold more of the compound" Yeast Bred to Bear Artificial Vanilla, 
Rachel Ehrenberg, Science News, May 23, 2009, Vol. 175, No. 1 1, p. 9 (Exhibit C, attached 
hereto). The Science News journal contacted John Rosazza at University of Iowa who stated: 
'This is absolutely beautiful work." After having described how de novo synthesis of vanillin 
from glucose was achieved by insertion of four biosynthetic genes hi two different yeast 
strains, the Science News journal also comments on the overproduction issue. The Science 
News article stated: 'To further increase the yeast yield of vanillin, the researchers added an 
additional gene that encodes for an enzyme mat converts the straight vanillin into a form with 
a sugar attached, vanillin-beta-D-glucoside. This form isn't toxic, says Mailer, allowing the 
yeast to hold more of the compound." 
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17. In considering this data, it is clear that the art recognizes the developments hereof and that 
nothing in the cited art or in Moehs et al would motivate one of ordinary skill in the art to use 
the specific approach set out by Applicants to achieve the production of high levels of vanillin 
glucoside by living yeast cells. First of all it is certainly not trivial to an ordinarily skilled 
artisan to identify all genes required for synthesis of a desired aglycon. Then these genes have 
to be heterologous^ expressed in a microbe like yeast and the enzymes need to be 
functionally active. Then a glycosyltransferase able to convert the aglycon into the non-toxic 
glucoside needs to be identified and expressed in a functional form and in a manner that 
enables it to convert the aglycon into the glucosylated product. Moreover, and though not 
necessary, it is not trivial or obvious to find a way to avoid the potentially toxic effects of the 
aglycon and to obtain the glucoside in amounts superior to those achieved by expression of 
the genes encoding for synthesis of the aglycon alone. Then a beta-glucosidase enabling the 
re-conversion of the glucoside into the desired free aglycon would need to be identified. All 
steps in this platform are technologically challenging for a person ordinarily skilled in the art. 
The achieved overproduction of vanillin glucoside and its easy, non-costly conversion into 
vanillin is highly remarkable because it represents a unique combination of a series of 
complex technologies* It could not be foreseen that the glucosyltransfcrase would work so 
well in yeast that it would offer the possibility to convert the aglycon into the glucosylated 
product within the environment within, e.g., at the pH value existing in the yeast cell and in 
spite of possible different localization and compartmentalization of the enzyme and its 
substrate* An ordinary skilled artisan would therefore not, based on the existing knowledge, 
be encouraged to embark in developing the combination of technologies necessary and 
presented in the present patent application and claims especially because the resulting 
overproduction could not have been foreseen to happen. Thus the economic incentive to 
develop the technology presented in the patent application could also not be envisioned. 

1 8. For convenience, ,pdf files of the published results and the developed technology platform of 
the present application and claims and the comments thereon in Nature Reviews and Science 
News are provided; Exhibits A, B and C, respectively. 

19. 1 hereby declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that wilful false statements and the like so made 
are punishable by fine or imprisonment, or both, under Section 1 00 1 of Title 1 8 of the United 
States Code, and that such wilful false statements may jeopardize the validity of the 
application, and any patent issuing thereon, 



Date: December 30*, 2009 



Birger Lindberg Mailer 

Professor of Plant Biochemistry, 

Heard of the research centre Pro-Active Plants 

Deputy Head of the research centre Synthetic Biology 

MSc.PhD.DSc 
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Applied and EbMRONMUNTAL Microbiology, May 2009, p. 2765-2774 

0099^2240/09/$08.00+0 doi:10.1 128yAEM.02681-08 

Copyright Q 2009, American Society for Microbiology, All Rights Reserved. 
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De Novo Biosynthesis of Vanillin in Fission Yeast 
(Schizosaccharomyces pombe) and Baker's Yeast 
(Saccharomyces cerevisiaef 

Esben H. Hanseri/H Birger Lindberg M0ller, 2 Gertrud R, Koek/lf Camilla M Bunner, 1 * 
Charlotte Kristensen^lf Ole R. Jensen^ Finn T. Okkels,^ Carl E. Olsen, 3 
Mohammed S. Motawia, 3 and J0rgen Hansen 1 * 

PoalisAfS, Bulowsvej 25, DK-1870 Frederiksberg Q Denmark 1 ; Plant Biochemistry Laboratory, Department of Plant Biology and 
Biotechnology, Faculty of Life Sciences, University of Copenhagen, Thorvatdsensvej 40, DK-187I Frederiksberg Q Copenhagen 2 ; 
and Department of Natural Sciences, Faculty of Life Sciences, University of Copenhagen, Thorvaldsensvej 40, 

DK-1871 Frederiksberg C, Copenhagen* 

Received 24 November 2008/Accepted 6 March 2009 

Vanillin is one of the world's most important flavor compounds, with a global market of 180 million dollars. 
Natural vanillin is derived from the cured seed pods of the vanilla orchid {Vanilla planifolia\ but most of the 
world's vanillin Is synthesized from petrochemicals or wood pulp Ugnins. We have established a true de novo 
biosynthetk pathway for vanillin production from glucose in Schizosaccharomyces pombe, also known as fission 
yeast or African beer yeast, as well as in baker's yeast, Saccharomyces cerevisiae. Productivities were 65 and 45 
mg/liter, after introduction of three and four heterologous genes, respectively. The engineered pathways involve 
incorporation 0f 3-dehydroshikimate dehydratase from the dung mold Podospora pauciseta y an aromatic 
carboxylk acid reductase (ACAR) from a bacterium of the Nocardia genus, and an 0*methvltransferase from 
Homo sapiens. In & cerevisiae, the ACAR engine required activation by phosphopantetbeinylation, and this was 
achieved by coexpressipn of a Corynebaderium glutamicum phosphopantetheinyl transferase. Prevention of 
reduction of vanillin to vanillyl alcohol was achieved by knockout of the host alcohol dehydrogenase ADH6, In 
S. pombe, the biosynthesis was further improved by introduction of an Arabidopsis thaliana family 1 UDP- 
glycosyltransferase, converting vanillin into vanillin p-n-glucoside, which is not toxic to the yeast cells and thus 
may be accumulated in larger amounts* These de novo pathways represent the first examples of one-cell 
microbial generation of these valuable compounds from glucose. £. pombe yeast has not previously been 
metabolically engineered to produce any valuable, industrially scalable, white biotech commodity. 



In 2007* the global market for flavor and fragrance com- 
pounds was an impressive $20 billion, with an annual growth of 
11 to 12%, The isolation and naming of vanillin (3-methoxy- 
4-hydrQxyben?aldehyde) as the main component of vanilla fla- 
vor in 1859 (8), and the ensuing chemical synthesis in 1874 
(41), in many ways marked the true birth of this industry, and 
this compound remains the global leader in aroma compounds. 
The original source of vanillin is the seed pod of the vanilla 
orchid {VanUla planifolia), which was grown by the Aztecs in 
Mexico and brought to Europe by the Spaniards in 1520, Pro- 
duction of natural vanillin from the vanilla pod is a laborious 
and slow process, which requires hand pollination of the flow- 
ers and a 1- to 6-month curing process of the harvested green 
vanilla pods (37). Production of 1 kg of vanillin requires ap- 
proximately 5G0 kg of vanilla pods, corresponding to the pol- 



* Corresponding author. Present address: Evolva Biotech A/S, Bii- 
lowsvej 25, DK-1870 Frederiksberg C, Denmark. Phone: 45 35 200 240. 
Fax: 45 35 200 231. E-mail: jorgenh@evolva.com. 

H Present address: Evolva Biotech A/S, Bulowsvej 25, DK-1870 Fre- 
deriksberg C, Denmark 

# Present address: Novozymes A/S, Krogsh0jvej 36, DK-2880 Bags- 
vaerd, Denmark. 

$ Present address: CPRelco Aps, Ved Banen 16, DK-4623 Lille 
Skensved, Denmark. 
§ Present address: Kongemaiken LI, DK40Q0 Roskilde, Denmark. 
v Published ahead of print on 13 March 2009. 



lination of approximately 40,000 flowers. Today, only about 
0.25% (40 tons out of 16,000) of vanillin sold annually origi- 
nates from vanilla pods, while most of the remainder is syn- 
thesized chemically from lignin or fossil hydrocarbons, in par- 
ticular guaiacol. Synthetically produced vanillin is sold for 
approximately $15 per kg, compared to prices of $1,200 to 
$4,000 per kg for natural vanillin (46). 

An attractive alternative is bioconversion or de novo biosyn- 
thesis of vanillin; for example, vanillin produced by microbial 
conversion of the plant constituent ferulic acid is marketed at 
$700 per kilogram under the trade name Rhovanil Natural (pro- 
duced by Rhodia Organics). Ferulic acid and eugenol are the 
most attractive plant secondary metabolites amenable for biocon- 
version into vanillin, since they can be produced at relatively low 
costs: around $5 per kilogram (37). For the bioconversion of 
eugenol or ferulic acid into vanillin, several microbial species have 
been tested, including gram-negative bacteria of the Pseudomo- 
nas genus, actinomycetes of the genera Amycolatopsis and Strep- 
tomyces, and the basidiomycete fungus Pycnoporus cinnabarbius 
(19, 23, 25, 27, 31, 34, 35, 36, 45, 48). In experiments where the 
vanillin produced was absorbed on resins, Streptomyces cultures 
afforded very high vanillin yields (up to 19.2 g/liter) and conver- 
sion rates as high as 55% were obtained (15). Genes for the 
responsible enzymes from some of these organisms were isolated 
and expressed in Escherichia coli, and up to Z9 fitter of vanillin were 
obtained by conversion of eugenol or ferulic acid (1, 3, 32, 49). 
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FIG. h Biosynthetic scheme for dc novo biosynthesis of vanillin in Scfimsaccharomyces pombe and outline of the different vanillin catabotites 
and metabolic side products observed in different yeast, strains and constructs. Gray arrows, primary metabolic reactions in yeast; black arrows, 
enzyme reactions introduced by metabolic engineering; diagonally striped arrows, undesired inherent yeast metabolic reactions. 



Compared to bioconversion, de novo biosynthesis of vanillin 
from a primary metabolite like glucose is much more attrac- 
tive, since glucose costs less than $0.3G/kilogram (42), One 
route for microbial production of vanillin from glucose was 
devised by Frost and coworker U (6, 20), combining de novo 
biosynthesis of vanillic acid in £ coli with enzymatic in vitro 
conversion of vanillic acid to vanillin. 3-Dehydroshikimic acid 
is an intermediate in the shikimate pathway for biosynthesis of 
aromatic amino acids, and the recombinant B, coli was engi- 
neered to dehydrate this compound to form protocatechuic 
acid (3,4-dihyctoxybenzoie acid) and methylate this to form 
vanillic acid. The vanillic acid was subsequently converted into 
vanillin in vitro using carboxylic acid reductase isolated from 
Neurospora crassa. The main products of the in vivo step were 
protocatechuic acid, vanillic acid, and isovanillic acid in an 
approximate ratio of 9:4:1, indicating a bottleneck at the meth- 
ylation reaction and nonspeciiicity of the OMT (0-melhyl- 
transferase) enzyme for the meta-hydroxyl group of protocat- 
echuic acid. Serious drawbacks of this scheme are the lack of 
an in vivo step for the enzymatic reduction of vanillic acid, 
demanding the addition of isolated carboxylic acid reductase 
and costly cofactors such as ATP, NADPH, and Mg 2 + , and the 
generation of isovanillin as a contaminating side product. 

In this study, we have genetically engineered single-recom- 
bination microorganisms to synthesize vanillin from glucose, 
according to the metabolic route depicted in Fig. 1. To avoid 
the synthesis of isovanillin as an undesired side product, a large 
array of OMTs was screened for the desired high substrate 



specificity, and an appropriate enzyme was identified. A syn- 
thetic version of an aromatic carboxylic acid reductase 
(AGAR) gene, optimized for yeast codon usage, was intro- 
duced to achieve the reduction step. The vanillin pathway was 
introduced into both Saccharomyces cerevisiae and Schizosac- 
charomyces pombe yeast, and significant levels of vanillin pro- 
duction were obtained in both organisms. Vanillin p-D-ghi- 
coside is the form in which vanillin accumulates and is stored 
in the fresh pod of the vanilla orchid (Vanilla planifoUa). Dur- 
ing the "curing" process of the pod, J3-glucosidases are liber- 
ated and facilitate a partial conversion of the vanillin p-D- 
glucoside into vanillin. Upon consumption or application, the 
conversion of vanillin (J-D-glucoside into free vanillin by en- 
zymes in the saliva or in the skin microflora can provide for a 
slow-release effect that prolongs and augments the sensory 
event, as is the case for other flavor glycosides investigated, 
such as menthol glucoside {14, 16). In addition to the increased 
value of vanillin [i-r>glueoside as an aroma or flavor com- 
pound, production of the glucoside in yeast may offer several 
advantages. Vanillin (3-B-glucoside is more water soluble than 
vanillin, but most importantly, compounds such as vanillin in 
high concentrations are toxic to many living cells (4). It has 
been shown that glucosides of toxic compounds are less toxic to 
yeasts (24). We found this to be the case with vanillin and S. 
cerevisiae yeast as well. Thus, to facilitate storage and accumu- 
lation of higher vanillin yields, we introduced a step for vanillin 
glucosylation in 5, pombe. 
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TABLE 1. Plasmids used in this study 



Plasmid name 


Gene content 


GenBank accession no. 


Plasmid type 


Selection marker 


pSP-Ex-Kan 








KanMX 


pJH606 






Integration (£. pombe) 


LeuJ + 


pJH609 






Integration (5". pombe) 


HphMX 


pJH610 






Integration (& pombe) 


NatMX 


pJH573 


ACAR (Nocardia sp., synthetic codon optimized) 


AY495697 


Integration (S* pombe) 


Leu! + 


pJH643 


3DSD (Podospora pauciseta) 


CAD60599 


Integration (S. pombe) 


KanMX 


pJH620 


Hs-OMT (Homo sapiens, synthetic codon optimized) 


NM_000754 


Integration (S. pombe) 


HphMX 


pJH622 


Ma-OMT (Medicago sativa, synthetic codon optimized) 


M63853 


Integration (S* pombe) 


HphMX 


pJH623 


Cc-OMT {Capsicum chinense) 


AF081214 


Integration (£ pombe) 


HphMX 


pJH624 


At-OMT (Arabidopsis thaliana) 


AY062837 


Integration (SL pombe) 


HphMX 


pJH625 


Nt-OMT-la (Nicotiana tabacum) 


X74452 


Integration (S, pombe) 


HphMX 


pJH627 


Nt-OMT-lb (Nicotiana tabacum) 


X74453 


Integration (5. pombe) 


HphMX 


pJH628 


Fa-OMT {Pragma X ananassa) 


AF220491 


Integration (S. pombe) 


HphMX 


pJH632 


UGT71C2 (Arabidopsis thaliana) 


AOQ05496 


Integration (S, pombe) 


NatMX 


pJH633 


UGT72B1 (Arabidopsis thaliana) 


NM 116337 


Integration (S. pombe) 


NatMX 


pJH665 


UGT72E2 i/itahidapsis thaliana) 


NM J 26067 


Integration (£ pombe) 


NatMX 


pJH259 






CEN-ARS (£ cerevisiae) 


VRA3 


pJH500 


3DSD (Podospora pauciseta) 


CAD60S99 


Integration (£ cerevisiae) 


AurC-R 


pJH543 


Hs-OMT (Homo sapiens, synthetic codon optimized) 


NMJJ00754 


Integration (S> cerevisiae) 


NatMX 


pjtio/** 


alak. \j\ocaraia sp-, syntnetic codon optimized) 




Integration (S. cerevisiae) 


HphMX 


pJH587 


acpS {Escherichia colt) 


NC 000913 


CEN-ARS (£ cerevisiae) 


URA3 


pJH588 


acpT (Escherichia coli) 


N2 AAKB02000001 


CEN-ARS (S. cerevisiae) 


VRA3 


pJH5S9 


eniD (Escherichia colt) 


NZ ABHP01 000004 


CEN-ARS (S. cerevisiae) 


URA3 


pJH590 


PPTec-1 (Escherichia coli) 


NC 000913 


CEN-ARS (S, cerevisiae) 


URA3 


pJH591 


acpS (Corynebacterium gluiamicum) 


NC 003450 


CEN-ARS (S. cerevisiae) 


URA3 


pJH592 


PPTcg-1 (Corynebacterittm glutamicum) 


NC"003450 


CEN-ARS (S. cerevisiae) 


URA3 


pJH593 


acpS (Mycobacterium bovis) 


NC 000962 


CEN-ARS ($. cerevisiae) 


URA3 


pJH594 


j^rrhomalogue (Mycobacterium bovis) 


NCG02945 


CEN-ARS (S. cerevisiae) 


URA3 


pJH595 


sjp (Bacillus sttbtiiis) 


EU882341 


CEN-ARS (£ cerevisiae) 


URA3 


pJH596 


acpS (BatiUus subtUis) 


NC 000964 


CEN-ARS (S. cerevisiae) 


URA3 


pJH701 


PPTnf-1 (Nocardia farcinica, synthetic codon optimized) 


NCQ06361 





MATERIALS AND METHODS 

Isolation and subctoning of gain, and construction of expression cassettes. 
The 1,104-bp gene sequence of the Podospora pauciseut 3-dehydroshikimate 
dehydratase (3DSD) gene has no introns and was PCR amplified from genomic 
P. pauciseta DNA with flanking Xbal and BamKI restriction sites. The isolated 
PCR product was subcioned into the pCR-Btunt 1I-TOPO vector (Invitrogen 
Corp.), and the sequence-verified gene was inserted in pJH606, a proprietary S. 
pombe expression vector containing the S. pombe lent ^ selection marker and the 
adhl* promoter. The resulting plasmid was named pJH643. The Nocardia sp. 
ACAR gene was synthesized with S. pombe codon optimization (to match as 
closely as possible the average codon usage as. defined by ail J. pombe sequences 
present in the NCBI-GenBank database) and flanking Xbal and BamHI sites 
(GENEART GmbH, Germany) and was inserted in the proprietary £ pombe 
expression vector pSP-Ex-Kan. This vector contains the KanMX selection 
marker, conferring resistance to the drug G41S, and the S. pombe adkJ* pro- 
moter for gene expression. The resulting plasmid was named pJTH573. The 
Ms-OMT and Hs-OMT genes were synthesized with S, pombe codon optimiza- 
tion (to match as closely as possible the average codon usage as defined by all 51 
pombe sequences present in the NCBI-OenBank database) and flanking Xbal 
and BamHI sites (GENEART GmbH, Germany). Ail other OMT-*ncoding 
genes were amplified by PCR from cDNA libraries (Stratagene Inc.) or cDNA 
clones (Cc-OMT, courtesy of Mary O'Connell, and Fa-OMT, courtesy of Stefan 
Lunkenbein) using primers containing flanking Xbal and BamHI sites. After 
being cloned into pCR-Blunt 1KTOPO and sequence verification, the genes were 
transferred with Xbal and BamHt restriction sites into the proprietary S. pombe 
expression vector pJH609. This vector contains the HphMX selection marker, 
conferring resistance to hygromycin B, and the S. pombe adhl + promoter far 
gene expression. Hie expression plasmids constructed were named as fallows: 
pJH62G (Hs-OMT), pJH622 (Ms-OMT), pJH623 (OOMT), pJH624 (At- 
OMT), pJH625 (Nt-OMT-al), pJH627 (Nt>OMT-hl), and pJH62S (Fa-OMT). 
UGT71G2, UGT72B1, and UGT72E2 were all PCR amplified from proprietary 
Arabidopsis thaliatta clones (C Kristensen, E, H. Hansen, T. R Andersen, G. 
Kock» F. T. OkJcels, B. X* M0ller t and J. Hansen, unpublished data) with appro- 
priate flanking restriction sites for insertion in the proprietary S. pombe expres- 
sion vector pJH610 (identical to pJH606 except the /cw/ + marker is exchanged 



with a NatMX [nourseothriein resistance] marker). The resulting plasmids were 
pJH632 (UGT71C2), pJH653 (UGT72B1), and pJH665 (UGT71E2). For ex- 
pression in S. eerevisiae t the 3DSD gene was inserted with Xbal-BamHl in a 
proprietary derivate of plasmid pYCOTO (12)» containing the strong constitutive 
5, cerevisiae TPll promoter and terminator and the AurC-R (aureobasidin A 
resistance) selection marker. This resulted in plasmid pJH50U The Hs-OMT 
gene was likewise inserted with Xbal-BamHI into a similar expression vector 
derived from pYC050 (12) (containing the NatMX selection marker), resulting 
In plasmid pJH543. Hie ACAR gene was inserted with Xbal-BamHI into a 
similar derivative of plasmid pYCQ4G (12) (containing the HpHMX selection 
marker), resulting in plasmid pJH674. Finally, most PPTase genes were obtained 
by PCR amplification of genomic DNA from E coli. Bacillus subtiiis, Mycobac- 
terium borisi and Corynebactemm^utamicum^ while the Nocardia Jarciitica gene 
was obtained as a synthetic gene construct optimized for 5, cerevisiae codon 
usage (GENEART GmbH, Germany). In all cases, the genes contained Ranking 
Xbal-BamHI or Xbal-BglJl (E. coli acpS) and were inserted in the Xbal-BamHI 
sites of the proprietary yeast shuttle (C£W-ARS replication) expression vector 
pJH259 containing the TPll promoter and terminator and the URA3 selection 
marker. This resulted in plasmids pJH587 to pJH596 and pJH701. All PCRs were 
performed using a Peltier thermal cycler DNA engine DYAD PCR machine* 
with an initial preheating at 94*C for % min and a final 7-min elongation step at 
the selected elongation temperature. Pwo polymerase (Roche Btochemicals) was 
used for all reactions. All plasmids used or constructed are listed in Table 1. 

Yeast transformation and selection of trans form ants. The 3DSD gene expres- 
sion cassette was transformed into £ pombe straln.SP887 as a linearized plasmid, 
pJH643, with integration directed to the fcu/ + locus. A leucine prototrophic 
transformant was isolated and denoted strain FSC264, and after confirmation of 
its ability to produce protocatethuic acid, it was kept as strain VAN264, The 
ACAR gene expression cassette was transformed into strain VAN264 as linear- 
ized plasmid pJH573, with integration directed to the adfti* promoter region. 
Eight G418~resistant transformants were selected, and the one with the highest 
total production of protocatechuic acid and aldehyde was kept as strain VAN244* 
All plasmids containing expression cassettes for OMTs were transformed into 
strain VAN244 after linearization to direct integration to the adhl { promoter 
region. Two hygromycin B-resistant transformants of each type, were tested for 
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TABLE 2, Yeast strains used in this study 



Yeast strain 



Relevant genotype" 



Reference 



Saccharomyces cerevisiae X2180-1A 
Saccharomyces cerevisiae VANI00 

Saccharomyces cerevisiae VAN265 

Saccharomyces cerevisiae VAN277 

Saccharomyces cerevisiae VAN286 



Saccharomyces cerevisiae var. 

diastatkus CBS 1789 
Saccharomyces bayanus CBS380 
Saccharomyces uvarum CBS395 



CBS1513 

Saccharomyces pastoiianus CBS1538 
Saccharomyces paradoxus CBS2908 
Saccharomyces globosus CBS424 
Saccharomyces servadi CBS431 1 
Saccharomyces castellH CBS4309 
Saccharomyces kluyveri YQ57 
Zygosaccharomyces fermetitatii 

UCBS4506 
Zygosaccharomyces bisporus CBS708 
Debaromyces occidentalis CBS819 
Tomlaspora detbmeckii Y063 
Ktuyveromyces lactis TM4 
Pichia pastoris KM71H 
Schizosaccharomyces pombe SP887 
Schizosaccharomyces pombe VAN244 

Schizosaccharomyces pombe VAN264 
Schizosaccharomyces pombe VAN294 

Schizosaccharomyces pombe VAN298 

Schizosaccharomyces pombe VAN302 

Schizosaccharomyces pombe VANS 12 

Schizosaccharomyces pombe VAN513 

Schizosaccharomyces pombe VAN515 

* Wt, wild type, 



Wt 

his3D\ ku2T>QmetI5D0itra3T>Qadk6:\LEU2 

fig/i::KanMX4 
his3Dl ku2D0 metJSDQ uraSDQ adh6\±EU2 

tgU::KanMX4 P^^OSD [AurC] 
his3D\ leuim metlSUQ ttra3DQ adh6vLEU2 

^//::KanMX4 V m) ?3D$0 [AurC]::Hs-QMT 

[NatMX] 

his3Dl leu2D0metl5DQ ura3D0 adh6>:LEU2 
te//;;KanMX4 P^^OSD [AurC]::Hs-OMT 
[NatMX]:;ACAR [HphMX] 

Wt 

Wt 
Wt 
Wt 

Wt 
Wt 
Wt 
Wt 
Wt 
Wt 

wt 

Wt 
Wt 
Wt 

MATa trp~ K + R + 

arg4 aoxhARG4 

h90 ura4~ ade6-2I0 ieul-32 

h% ura4- ade6-210 te«J-J2:;3DSD [Leu+] Padkl\:ACAR 
[G418R] 

k90 ura4~ aded-210 tew/-32:;3DSD [Leu 4 *] 

h90 unt4~ ade6-210 &«/-32::3DSD [Leu + ] Padhlv.ACAR 

[G418R]::Hs-OMT [HphMX] 
IM ura4~ adeo-210 teu/-#::3DSD [Leu 1 "] P<k//i/::ACAR 

fG418R|::At-OMT [HphMXj 
h90 ura4~ atk6-21Q ieul-32:\3DSD [Leu + ] P<jJfc/::ACAR 

[G418R]::Fa-OMT [HphMX] 
h90 ura4~ ade6-2W leul-32"3DSD [Uu + ] P*dfc7::ACAR 

[G41SR]::Hs-OMT [HphMX]::UGT71B2 [NatMX] 
h9Q ura4~ ade6-210 leul-S2:\3DSV [Leu + ] Pa<ft/;;ACAR 

[G418R]::Hs-OMT[HpriMX]::UGT72Bt [NatMX] 
h90 ura4~ ade6-2W teul-32\;3DSD [Leu + ] VadhhiACAR. 

[G418R]::HsOMT [HpruMXf::UGT72E2 [NatMX] 



Public domain 
This study 

This study 

This study 

This study 

Centraalburcau vor Schimmelcultures 

Centraalbureau vor Schimmelcultures 
Centraalburcau var Schimmelcultures 
Centraalbureau vor Schimmelcultures 

Centraalburcau vor Schjnunefcultures 
Centraalburcau vor Schimmelcultures 
Centraalbureau vor Schimmelcultures 
Centraalbureau vor Schimmelcultures 
Centraalbureau vor Schimmelcultures 
J. Piskur, University of Lund 
Carlsberg Research Center 

Centraalbureau vor Schimmelcultures 

Centraalbureau vor Schimmelcultures 

T. H, Andersen 

J, Piskur, University of Lund 

Invitrogcn Inc. 

Public domain 

This study 

This study 
This study 

This study 

This study 

This study 

This study 

This study 



production of vanillin pathway metabolites, and the one with the highest vanillin 
production was kept as strain VAN294 (Hs-OMT), VAN298 (At-OMT), or 
VAN302 (Fa-OMT). The UDP-glycosyhransferase (UGT>containing plasmids 
PJH632 (UGT71C2), pJH633 (UGT72B1), and pJH665 (UGT71E2) were all 
linearized in order to direct integration to the aditl * promoter region, and strain 
VAN294 was transformed with the plasmid preparations. One stable nourseo- 
thricin-resistant transformant of each type was kept as strains VAN512 
(UGT71C2), VAN513 (UGT72B1), and VAN515 (UGT72E2). Plasmid pJHSOO 
was linearized with Bsu361 in order to direct integration to the TP// promoter 
region, and X cerevisiae strain VAN1Q0 (adh6 bgl2) was transformed with the 
plasmid preparation. One PCR-conmtned, aureobasidin A-resi&tant transform 
rnant was kept as strain VAN265. This strain was transformed with Bsu36l- 
linearised plasmid pJH543. One PCR-re confirmed, nourseothricuvresistant 
transformant was kept as strain VAN277. Strain VAN277 was transformed with 
Bsu36I-iineari2cd plasmid pJH674, and one PCRrreconfirmed hygromycin B- 
re si slant transformant was kept as strain VAN286. All yeast strains, used or 
created in this study are listed in Table 2. S. pombe and S. cerevisiae were 
transformed with plasmid DNA using the respective lithium acetate methods for 
these two organisms (7, 29), and the proper insertion of all expression cassettes 



at the desired genomic location was confirmed by analytical PCR on genomic 
material from the various yeast strains. 

In vivo test far vanillin and vanillin 0-D-glvcoside reduction and for produc- 
tion of vanillin biosynthesis pathway metabolites. Yeast strains were in all cases 
grown at 25*C with 170-rpm shaking in appropriate growth media (synthetic 
complete [SCJ or yeast extract-peptone-dextrose [YPD] for & cerevisiae strains, 
yeast extract with supplements [YES] for £ pombe strains), after inoculation 
from preeultures grown under the same conditions. No precautions were taken 
to avoid the presence of aromatic amino acids in these growth media, which 
potentially could limit dehydroshikimic acid biosynthesis. Growth media were in 
all cases obtained from Q-BioGene, Montreal, Canada. To analyze the rate of 
turnover of vanillin and vanillin fl-D-glucoside in the yeast cultures, these com- 
pounds were supplied in final concentrations of I mM from 1 M slock solutions 
in ethanol (the yeast strains analyzed are listed in Table 2). For metabolite 
analysis, the ferment of growth culture samples was separated from the yeast 
cells by centriftigation. Ferment (500 pi) was then combined with 500 pi of 100% 
methunol and oentrifuged (16,100 X g, 12 min) to precipitate macromolecules. 
Aiiquots (25 pi) were analyzed by high-performance liquid chromatography 
(HPLC) as described below. 
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AtiaJy&ls or the growth-inhibitory effect of vanillin and van ill in p-a-glucoside 
on yeast A precullure of £ cerevisiae strain VAN100 in SC medium (optical 
density at 600 run [OD^] of approximately 2.5) was diluted into five equal 
batches (1(10 ml) of the same medium (OD^ of 0.4, 250-ml Ehrtenmeyer flasks). 
Vanillin was added to the flasks in final concentrations of Q.5» 1.0, and 5 gliter. 
Vanillin p-D-gluco$ide was added in a final concentration of 25 g/liter to a fourth 
culture, while a fifth culture to which neither vanillin nor vanillin p-o-giucoside 
was added was used as a control. The cultures were grown at 25°C with 170-rpm 
shaking, and the OD^, was measured after 5.5, 9X and 23 h« 

Extraction and purification of vanillin from large-scale batch cultures. Van- 
illin was extracted from supernatants of large-scale yeast cultures using CH 2 Cln 
In three serial extractions (333 ml per 1 titer of supernatant). The extract was 
concentrated in a rotary evaporator, the residue was resuspended in toluene, and 
the suspension was applied to a silica gel column, which was eluted with 30% 
ethyl acetate in pentane. The fractions containing vanillin, as monitored by 
thin-layer chromatography, and then UV fluorescence were combined and con- 
centrated by drying in a rotary evaporator. 

HPLC analysis, Intermediates in vanillin biosynthesis and vanillin catabolites 
were analyzed using an Agilent 11 00 series HPLC system using a Zorbax SB-GIB 
column (4,6 by 150 mm, 3.5-u,m particle size). The elation buffer was a gradient 
of acetoniirile (MeCN) and H 2 0 (adjusted to pH 13 with H 2 S0 4 ) composed as 
follows: 0% to 40% MeCN for 3. min, 40% MeCN for 1 mid* 40% to S0% MeCN 
for 2 min, and 80% to 90% MeCN for I min.The temperature of the solvent was 
thermostated at 30*C> and a diode array detector was used to detect eluted 
compounds by their UV fluorescence at 210 nm and 250 nm. Vanillin, protoeat- 
echuic acid, protocatechuic aldehyde, vanillic acid, and vanfllyi alcohol standards 
were obtained from Merck Chemical Co. Vanillin fl-D-glucoside was obtained 
from Apin Chemicals Ltd, United Kingdom. 

NMR analysis. Nuclear magnetic resonance (NMR) spectra were recorded in 
denteraled chloroform on a Bruker Avance 400 instrument using tetramethyl 
silane as an internal standard. The l H spectrum exhibited the following signals; 
9,82 pprn (CHO), multiples at 7,43 (2H) and 7.04 (1H) (aromatic protons), and 
3.95 pprn (CH 3 0). The U C spectrum showed signals at 191,0 (CHO), 151.8, 
147.3, 129.9, 127,5, 114.5, and 108.9 (aromatic carbons) and 56.1 pprn (CHjO). 
The *H and "C spectra were identical to those of authentic vanillin and clearly 
different from those of isovanillin, which among other signals had l ^C signals at 
1245 and H0.2 pprn and a muilipJet at 6.98 (1H) in the 'H spectrum. 



RESULTS 

Saccharomyces cerevisiae and Schizosaccharomyces pombe are 
both appropriate hosts lor vanillin biosynthesis. The produc- 
tion organism was chosen based on the evaluation of several 
parameters: (i) GRAS ("generally regarded as safe") recogni- 
tion, (ii) proven suitability in at least one established produc- 
tion system, (iii) reasonably well developed genetic tools avail- 
able, and (iv) inherent vanillin metabolism that is as low as 
possible. From a genetic point of view, the most obvious can- 
didates were strains of baker's yeast (Saccharomyces cerevisiae) 
and Escherichia coli. These are GRAS organisms and consti- 
tute well-known production systems, their genome sequences 
are available, and genetic manipulation is relatively straight- 
forward, From a consumer acceptance point of view, S. cerevi- 
siae would appear to be the best choice. However, a growing 
culture of 5. cerevisiae (laboratory strain X2180-1A) quantita- 
tively reduced externally added vanillin (1 mM) to vanillyl 
alcohol within 48 h (data not shown). This prompted us to test 
a range of different yeast species of the genus Saccharomyces, 
along with strains of Zygosaccharomyces fermentatii, Zygosac- 
ckaromyces bisporus, Deharomyces occidentalism Torulaspora 
deibmeefdU Kluyveromyces lactis, Pichia pastoris, and Schizosac- 
charomyces pombe (Table 2). Schizosaccharomyces pombe was 
by far the most satisfactory, since after 48 h it had reduced less 
than 50% of the vanillin provided and oxidized none (data not 
shown), whereas ail other strains tested converted all vanillin 
to either vanillyl alcohol or vanillic acid within the same period 



of time. In a similar manner, we tested hydrolysis of vanillin 
P-D-glucoside by S. pombe and S, cerevisiae. While S. pombe 
left vanillin (J-D-glucoside intact even after prolonged incuba- 
tion, S. cerevisiae hydrolyzed all vanillin p-o-glucoside within 
24 h (data not shown). This in turn prompted us to test S. 
cerevisiae mutants of known g-glucosidase genes (ALF2, 
BGL1, BGL2, DSE2 y DSE4, EXG2 y KRE6, SCW10, SCW11, 
5CW4, SKN1, SPRl y SUN4, and the homologous gene 
YOL155C; mutants were obtained from the Euroscarf collec- 
tion). One mutant, the bgll strain, hydrolyzed less than 5% of 
the vanillin p-D-glucoside present, while all other mutants had 
the same activity as the wild-type yeast (data not shown). Fi- 
nally, we tested whether S. cerevisiae mutants in any of the 29 
known or hypothesized alcohol dehydrogenases, aryl-alcohol 
dehydrogenases, or the related aldose reductases (AAD3 y 
AAD4, AAD6, AAD10 7 AAD14, ADH1, ADH2 t ADH3, ADH4 y 
ADH5, ADH6* ADH7, ARAl y ARA2, BDHl y BDH2> GCYl y 
GRE3, SFAl y XYL2> YPRJ, ZTA1, YCR102c, YDL124w> 
YJR096w, YLR460C, YNL134c, YPLQ8&W, and YPR127w; 
mutants were obtained from the Euroscarf collection) had a 
reduced ability to convert vanillin into vanillyl alcohol The 
screen identified^DZ/d as the most important gene encoding a 
vanillin reductase (data not shown). Consequently, we bred an 
adh6 mutant of S. cerevisiae bgll strain Y05210 (Euroscarf), 
strain VAN100 (Table 2). This strain grew normally under all 
circumstances tested, hydrolyzed vanillin p-o-glucoside to only 
a very limited extent, and showed a 50%-decreased ability to 
reduce vanillin to vanillyl alcohol. Thus, we decided to test 
vanillin biosynthesis in a wild-type £. pombe yeast and in the 
bgll adh6 mutant of S. cerevisiae, 

A de novo vanillin biosynthesis pathway can be constituted 
in S. pombe yeast by the expression of three heterologous 
genes. 30SD catalyzes the conversion of 3-dehydroshikimic 
acid to protocatechuic acid. This enzyme activity is known from 
filamentous fungi (40), so we isolated the gene encoding this 
enzyme from the dung mold Podospora pautiseta. The gene 
was PCR isolated from genomic DNA and transformed into & 
pombe strain SP887 on the linearized pJH643 S. pombe expres* 
sion plasmid. One transformant, denoted strain VAN264 (Ta- 
ble 2)* was isolated and tested for its ability to produce proto- 
catechuic acid by growing a batch culture (5 ml) for 48 h, after 
which the supernatant was analyzed by HPLC. A new com- 
pound eluting at 5.4 min was identified as protocatechuic acid 
based on its coelution with authentic protochatecuic acid and 
an identical absorption spectrum. The production of protocat- 
echuic acid reached more than 360 mg/liter (Table 3). 

ACARs (EC 1.2.1.30) catalyze the ATP-driven reduction of 
protocatechuic acid to protocatechuic aldehyde. Bacteria of 
the Nocardia genus as well as filamentous and ligninolytic fungi 
are known to possess this enzyme activity (9, 11, 21), and a 
method to reduce vanillic acid to vanillin using purified Nocar- 
dia ACAR enzyme was devised by Rosazza and Li (39). The 
corresponding 3.5-kb ACAR gene has been isolated, and a 
recombinant £. coli strain expressing the enzyme bioconverts 
vanillic acid to vanillin (13). The codon GC content in the 
Nocardia genus is around 70%, while it is a mere 40% in 5. 
pombe. To optimize expression, a synthetic version of the gene 
was built based on 5, pombe codon usage and transformed into 
S. pombe strain VAN264 on the linearized expression plasmid 
pJH573. Eight transformants were grown in batch cultures (5 
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TABLE 3, Production of vanillin and intermediates in in vivo experiments" 



Strain 



Production (mgfliter) 



Vanity! alcohol 



Vanillic acid 



Protocatechuic 
acid 



Protocatechuic 
aldehyde 



VAN264 
VAN244 
VAN298 
VAN302 
VAN294 

VAN286 [PFTcg^l] 



ND 
ND 

2Q.3 {0,1)** 
37(6)** 
65(6)** 
45 (2)** 



ND 

nd 

11.5 (0.4)** 
28(10)** 
24(14)** 
111 (10)** 



ND 
ND 
ND 
ND 

16(3)** 
20,2(1.2)* 



364 

140 (30)* 
87 (2)** 
50(3)** 
15(2)** 
52 (5)** 



ND 

160(50)* 
98(3)** 
49(7)** 
5(3)** 
12,9 (0.5)** 



* HFLC analysis of supernatants of 5-mT cultures grown for 48 h. ND, not detected; ^standard deviation of eight independent clones tested; **■, statistical crude range 
of values from two independent clones tested, S. pombe strains (VAN264, VAN244, V AN298, VAN3Q2, and VAN294) were grown in rich YES medium, while $. 
cemisiae strains (VAN286 [PPTcg-l]) were grown in SC medium. 



ml) for 48 h, the cells were removed by eentrifugation, and the 
supernatant was analyzed by HPLC, In addition to protocate- 
chuic acid, a new constituent was found to elute at 5,8 min and 
was identified as protocatechuic aldehyde, based on coelution 
with an authentic standard and spectral analysis. The transfer- 
mant with the highest total production of protocatechuic acid 
plus protocatechuic aldehyde afforded 300 mg/liter and was 
kept as strain VAN244 (Table 2), This strain converted 53% of 
the formed protocatechuic acid into protocatechuic aldehyde 
(Table 3). 

Two OMTs, from alfalfa (Afedicago sativa) and strawberry 
{Fragaria X amnassa) (Ms-OMT and Fa-OMT) (5, 47), were 
reported to catalyze 3'OH position-specific methylation of 
protocatechuic aldehyde. Based on the sequence information 
for these genes, similar OMT genes from Capsicum chinense 
(G>OMT), Arabidopsis thaliana (At-OMT), and Nicotiana 
tabacum (Nt-OMT-al and -bl) were isolated. All of the genes 
encoding these proteins are approximately 1,100 bp. A differ- 
ent class of methyltransferase-encoding genes of approxi- 
mately 700 bp, widespread in animals, is annotated as catechol 
methyltransferase. For comparative purposes, we expanded 
the screen with a human {Homo sapiens) catechol methyltrans- 
ferase (Hs-OMT) (18). The OMT-encoding genes were PGR 
amplified from cDNA or synthesized with S. pombe eddon 
optimization (Ms-OMT and Hs-OMT) and transformed into S. 
pombe strain VAN244 as linearized plasmids pJH620 (Hs- 
OMT), pJH622 (Ms-OMT), pJH623 (Cc-OMT), pJH624 (At- 



OMT), pJH625 (Nt-OMT-al), pJH627 (Nt-OMT-bl), and 
pJH628 (Fa-OMT) (Table 1), Two of each type of transfor- 
mant were grown in batch cultures (5 ml) for 48 h, and the 
supernatants were analyzed by HPLC, Only expression of Hs- 
OMT, At-OMT, and Fa-OMT resulted in in vivo methylation, 
measured as the accumulation of vanillic acid (elution time, 5.9 
min) and/or vanillin (elution time, 6.6 min) and confirmed by 
comparison of the elution profile and absorbance with authen- 
tic standards. One strain expressing each of these OMTs was 
kept: VAN294 (Hs-OMT), VAN298 (At-OMT), and VAN302 
(Fa-OMT). The three OMTs afforded quite different product 
profiles (Fig. 2 and Table 3), VAN298, carrying At-OMT, 
produced the smallest amount of vanillin, despite the fact that 
the level of the precursors protocatechuic acid and protocate- 
chuic aldehyde were the highest in this strain. VAN302, car- 
rying Fa-OMT, produced nearly twice as much vanillin. 
VAN294, expressing the human catechol methyltransferase 
(Hs-OMT), was by far the most efficient enzyme and more 
than tripled the amount of vamllin made by VAN298. VAN294 
also produced vanillyl alcohol (elution time, 5.5 min) and 
vanillic acid (elution time, 6.2 min). Because of the singularly 
high vanillin formation in the VAN294 strain, harboring ex- 
pression cassettes for 3DSD, ACAR, and Hs-OMT, this strain 
was chosen for vanillin production. 

Small-scale vanillin production was performed using strain 
VAN294, Cultures (four at 3 liters each) were started from 
precultures (OD TO of 0.04) in rich medium and allowed to 
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FIG. 2. Accumulation of vanillin, vanillin catabolites, and intermediates in vanillin biosynthesis in three vanillin-producing 5. pombe strains 
(values correspond to those in Table 3). 
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FIG. 3* Toxicity for growth of Saccharomyces cerevisiae of vanillin 
and vanillin p-D-glucoside. & cerevisiae strain VAN100 was grown for 
23 h at various concentrations of vanillin (open squares, Oi g/liter; 
open triangles, 1 g/liter; crosses* 5 g/liter), of vanillin ^D-glueoside at 
25 g/liter (closed squares), or without either compound (open dia- 
monds). 



grow for 48 h (vanillin production ceased after 45 h). Vanillin 
content in the four culture flasks varied between 21 mg/Iiter 
and 31 mg/liter, corresponding to a total production of approx- 
imately 300 mg of vanillin in the 12 liters of culture. Invariably,, 
a reduced yield of vanillin was observed when the culture 
volume was increased. Currently, the reduced yield cannot be 
related to specific growth parameters. Extraction of the cleared 
culture supernatant with CH 2 C\ 2 (as described in Materials 
and Methods) afforded approximately 200 mg of vanillin as 
white powder. The isolated vanillin showed an HPLC elution 
time and UV spectrum indistinguishable from those of a 
vanillin standard and an NMR spectrum identical to that of au- 
thentic vanillin (NMR signals reported in Materials and Meth- 
ods). The NMR analysis documented that no isovanillin (3- 
hydroxy-4-methoxybenzaldehyde) was present. 

Additional expression of a plant family 1 UGT results in tie 
novo biosynthesis of vanillin (3-D-glucosidc. The successful de- 
sign of a de novo pathway for vanillin biosynthesis in & pombe 
prompted us to investigate the possibility of converting the 
vanillin formed into vanillin 0-D-glucoside, This set of experi- 
ments was further accentuated by the observation that the 
glucosylated form of vanillin was less toxic to yeast than van- 
illin. The growth-inhibitory effects of the two compounds were 



tested using the S. cerewiae strain VANX00 (Fig. 3). Whereas 
vanillin was toxic at a concentration of less than 0.5 g/liter, as 
monitored by growth inhibition, vanillin p-D-glucoside was 
nontoxic even at 25 g/liter. The reduced toxicity of vanillin 
p-D-glucostde in comparison to vanillin was not caused by an 
inability of the yeast cells to take up vanillin p-D-glucoside, as 
demonstrated by analysis of the intracellular content of vanillin 
P-D-glucostde after 48 h of growth in the presence of 10 or 25 
g/liter. In both experiments, the intracellular concentration of 
vanillin (3-r>gluc6side was approximately twice that found in 
the growth supernatant (data not shown). Accordingly, we 
conclude that vanillin (3-D-gIucoside is truly nontoxic to S. 
cerevisiae even at high concentrations. Plant family 1 glycosyl- 
transferases are involved in the glycosylation of bioactive plant 
natural products. They belong to a group of glycosyltrans- 
ferases often referred to as the UGTs, because they transfer 
sugar moieties (most often glucose) from UDP-bound sugars 
to low-molecular-mass aglycohs (30, 33). To provide a platform 
for glycosylation of bioactive aglycons, we cloned and heter- 
ologous^ expressed 98 UGT enzymes from the plant Arabi- 
dopsis tkaliana along with a few from other plant sources (Kris- 
tensen et al. 3 unpublished). Following expression in the yeast 
Pichia pastoris, we tested crude enzyme preparations for their 
ability to Catalyze in vitro glucosylation of vanillin. Seven 
UGTs were identified as possessing particularly high in vitro 
catalytic activity toward vanillin, namely, UGT71C2, UGT72B1, 
UGT72E2, UGT84A2, and UGT89B1 from A tkaliana, 
UGT8581 from Sorghum bicoior (17), arid arbuttn synthase 
from Rauwolfia serpentina (2). Of these seven enzymes, the first 
three exhibited the highest affinity for vanillin. The genes en- 
coding these UGTs were inserted into the & pombe vanillin 
producer to exarnine their in vivo functions. The UGT-encod- 
ing genes were combined with the TPI1 promoter in the ex- 
pression plasmids pJH632 (UGT71C2), pJH633 (UGT72Bt), 
and pJH665 (UGT72E2) (Table 1), and each was integrated 
into the adhl + locus of strain VAN294. The three resulting 
strains {VAN512, VAN513, and VAN515) were tested by 
growing them for 48 h in 100 ml of YES medium in Ehrlen- 
meyer flasks. Strain VAN515, harboring UGT72E2, was by far 
the most efficient in vivo vanillin glucosyltransferase. Figure 4 
shows the results of the ensuing HPLC analyses of the ferment 
from growth of the VAN515 strain and the control strain 
VAN294. Production of vanillin p-D-giucoside was verified by 
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FIG, 4, Accumulation of vanillin, vanillin catabolites, intermediates, and glucosides m vanillin-producing S. pombe strain VAN294 alone orwith 
coexpression of UGT72E2 (strain VAN515). The numbers are averages of three experiments. 
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the elution time of 5.3 min and NMR and UVMsible light 
spectral identity with a vanillin g-D-glucoside standard. With 
strain VAN515, a total of 56% of the total vanillin potential 
(i.e., the sum of formed vanillin and its precursors protocate- 
chuic acid, protocatechuic aldehyde, and vanillic acid) was 
transformed into vanillin glucoside. Interestingly, while about 
80% of the vanillin was glucosylated, only half of the vanillyl 
alcohol was, confirming a much higher affinity of UGT72E2 for 
vanillin than for vanillyl alcohol. 

Construction of a vanillin-producing & cerevisiae yeast re* 
quires heterologous activation of the AGAR gene. The vanillin 
engineering studies reported above were accomplished with 
Scnizosaccharomyces pombe as the host. Because 5, cerevisiae is 
the more commonly used "workhorse* for metabolic engineer- 
ing and production, a parallel study was performed in an at- 
tempt to construct an & cerevisiae strain that would also pro- 
duce vanillin. As in the studies with S. pombe, the P. pauciseta 
3DSD, the synthetic Afocarcfta AGAR, and the synthetic human 
Hs-OMT genes were all inserted in proprietary & cerevisiae 
expression cassettes, in all cases making use of the strong 
glycolytic TPH gene promoter (resulting in integration plas- 
mids pJH500, pJH543, and pJH674 [Table 1]). The expression 
cassettes were sequentially inserted into the endogenous TPH 
locus of strain VAN1Q0, directing insertion by the linearization 
of plasmids in the TPH promoter sequence, resulting in & 
cerevisiae strain VAN286 (Table 2), After growth of this strain 
in batch cultures (5 ml) with SC medium for 48 h, the clarified 
medium was found to contain Vie vanillin precursors protocat- 
echuic acid and vanillic acid. However, none of the corre- 
sponding aldehydes, including vanillin, was detected. This in- 
dicated that the AGAR enzyme was not expressed or not 
functional in 5. cerevisiae. ACARs as well as the related non- 
ribosomal peptide synthetases, fatty acid synthetases, and 
polyketide synthetases require specific phosphopantetheinyla- 
tion for functionality (13, 44). Obviously, an endogenous ac- 
tivity mediating phosphopantetheinylation of AGAR pro- 
ceeded in the S, pombe strain, whereas this activity was absent 
in S. cerevisiae. Consequently, we cloned phosphopantetheine 
transferases from Bacillus subtilis (acpS and sjp), E. coli (acpS, 
acpT y entD, and a homologue, PPTec-1), Mycobacterium bovis 
(acpS and a pptT homologue), and Corynebacterium glutamic 
cum (acpS and PPTcg-1), as well as a homologue from Nocar- 
dia farcinica (PPTitf-1, a synthetic gene optimized for S. cer- 
evisiae codon usage), and expressed these in strain VAN286 
from low-copy-number-replicating plasmids (C£Af-ARS) and 
the yeast TPH promoter. The M. bovis genes were included 
because Mycobacterium is a genus closely related to Nocardia, 
the source of the AGAR gene. Expression of three of the 
genes, the E. coli entD, the C glutamicutn PPTcg-1 , and the N. 
farcinica PPTnM gene in strain VAN286 (thus harboring ei- 
ther plasmid pJH589, pJH592, or pJH701), resulted in a func- 
tional AGAR enzyme and the identification of protocatechuic 
aldehyde as well as vanillin in the clarified fermentation broth. 
PPTcg-1 was the most efficient PPTase for activation of the 
ACAR gene and resulted in formation of 45 mg/liter of vanillin 
after 48 h of growth in SC medium (Table 3). Thus, the three- 
step biosynthesis pathway for de novo vanillin biosynthesis 
already established in 5. pombe is just as efficient in S, cerevi- 
siae, but in contrast to the situation in S. pombe, a heterologous 



PPTase enzyme is needed for activation, by phosphopantethe- 
inylation, of the ACAR gene in S* cerevisiae. 

DISCUSSION 

In this study, we demonstrate complete de novo vanillin 
production outside the Vanilla planifolia seed pod or other 
plants, This represents the first example of one-cell microbial 
generation of this valuable compound from glucose, at a pro- 
duction level scalable to industrial needs. The capability for 
vanillin biosynthesis was introduced into two common yeast 
species, Schizosaccharomyces pombe and Saccharomyces cerevi- 
siae* The heterologous pathway for vanillin biosynthesis was 
engineered in both organisms by the expression of three genes, 
one from a mold, one from a bacterium, and one of human 
origin, and in the case of S. cerevwiae, one additional bacterial 
gene. We obtained a vanillin production of 65 and 45 mg/liter 
in S. pombe and 5. cerevisiae > respectively, free of contaminat- 
ing isomers, without any specific optimization of media and 
growth conditions. Although vanillin biosynthesis was less ef- 
ficient in £ cerevisiae than in 5. pombe, our data actually 
indicate a higher vanillin production potential in S> cerevisiae, 
since the combined production of vanillin and its precursors 
and metabolites was almost twice as high with S. cerevisiae as 
with £ pombe (Table 3). The accumulated levels of the various 
metabolites indicate that more dehydroshikimic acid is con- 
verted to protecatechuic add in our 5. cerevisiae experiment 
but also that about the same proportion of this (70% for & 
cerevisiae, 75% for & pombe) is reduced by the introduced 
ACAR enzyme. The reason for the lower production of van- 
illin in & cerevisiae is a higher ability of this organism to reduce 
vanillin to its corresponding alcohol. This undesired property 
of & cerevisiae became obvious at the beginning of the project 
and was addressed by inactivation of the/4Z)//6-encoded alco- 
hol dehydrogenase. In the set of experiments undertaken to 
identify the importance of different alcohol dehydrogenases in 
vanillin reduction* a modest effect of inactivation of several 
other genes (e,&> ADH7) was registered, and it is likely that 
inactivation of additional alcohol dehydrogenases in the S. 
cerevisiae vanillin producer would result in a significant in- 
crease in vanillin production. 

The observation that nearly identical proportions of the bio- 
synthesized protocatechuic acid were reduced by both yeast 
strains demonstrates that introduction of the C. giutamieum 
PPTase gene in our & cerevisiae vanillin producer resulted in 
an activation of the ACAR enzyme to the same level as that 
seen in & pombe. It is indeed puzzling that bacterial ACAR 
can be activated by inherent enzymes in one yeast but not in 
another. Enzymes requiring phosphopantetheinylation for ac- 
tivation are not abundant in these yeast species, but one well- 
known example present in both is a-aminoadtpate reductase. 
Both species carry a known PPTase activity taking care of this 
(LysSp in S. cerevisiae, Lys7p in S. pombe\ and these are 
obvious candidates for heterologous ACAR activation (though 
another could be the PPTase activating mitochondrial fatty 
acid synthase). A plausible explanation for the differences in 
PPTase activity in the two yeasts is derived from the following 
observations (10). Whereas 5. pombe a-aminoadipate synthase 
can be activated by PPTases present in E. coli, this is not the 
case for ot-aminoadipate synthase from Candida albicans* The 
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C albicans enzyme is much more closely related to the S, 
cerevisiae enzyme than to the S. pombe enzyme. Turning the 
argument around, this may imply that S, pombe (via its Iys7 + - 
encoded PPTase), but not S* cerevisiae, has the inherent ability 
to activate the bacterial ACAR enzyme. Not surprisingly, a 
PPTase from Corymbacterium glutamicum, a high-GC, gram- 
positive bacterium related to Nocardia sp., turned out to be the 
most efficient in ACAR activation. 

As previously outlined, vanillin (3-D-glueoside is the storage 
form of vanillin found in the Vanilla pod. It is nontoxic to most 
organisms, including yeast, and has a higher solubility in water 
than does vanillin. In addition, the formation of vanillin (3-d- 
glucoside most likely pulls the biosynthesis further in the di- 
rection of vanillin production, The Arabidopsis thaliana UDP- 
glucose glycosyltransferase UGT72E2 exhibited high substrate 
specificity toward vanillin. In concordance with this observa- 
tion, its expression in the vanillin-producing £ pombe strain 
resulted in almost all vanillin being converted into vanillin 
p-D-glucoside. The ability to turn vanillin into vanillin (J-d- 
glucoside in vivo is very important, because microbial produc- 
tion of nonglucosylated vanillin beyond the 0.5- to 1-g/Iiter 
scale would be hampered by the toxicity of free vanillin. Glu- 
cosylation would serve to circumvent the inhibitory effect. Al- 
though glucosylation did not give rise to a major increase in 
vanillin production, the content of nonmetbylated intermedi- 
ates (protocatechuic acid and aldehyde) was reduced by more 
than 50% (Fig. 4). This indicates that glucosylation does in- 
deed drive production of methylated vanillin equivalents, but 
that only a certain amount of dehydroshikimic acid is available 
during the period of time when our introduced vanillin path- 
way is active. There could be many reasons for this and we are 
currently studying several possibilities, 

"Sustainable" and "renewable" biological production sys- 
tems are attracting a lot of attention these days, due to the 
global warming Issue and associated interest in developing a 
chemical industry that is independent of fossil fuel starting 
materials; thus, "white biotechnology" is having a tremendous 
comeback. & cerevisiae is a very attractive production organism 
in white biotechnology, because this yeast species is well char- 
acterized, is easy to manipulate and grow, and has gained 
GRAS status. Metabolic engineering of S. cerevisiae has re- 
sulted in veiy high yields of certain primary yeast metabolites, 
e,g., 153 g/Iiter of pyruvate (43), but de novo productivities of 
novel metabolites have usually been quite modest, ranging 
from 153 mg/Hter (the terpenoid amorphadiene [38]) to only 
just detectable amounts (e.g., the polyketide precursor meth- 
ylmalonyl-eoenzyme A [26]) (reviewed in reference 28), To our 
knowledge, our study is the first in which aromatic amino acid 
biosynthesis intermediates are used for production of a novel 
compound, and in that perspective, we find our initial produc- 
tivity of 45 mg/liter satisfactory. We are aware, however, that 
even though the market prices for "natural" vanillin and foT 
vanillin- p-D-glucoside are high, the biological production sys- 
tem presented here needs to be improved significantly to offer 
a truly sustainable alternative. It was recently shown that 
simple genetic modifications may increase the metabolic flux 
through the & cerevisiae aromatic amino acid biosynthe- 
sis pathway 4.5-fold and the extracellular concentration of 
shikimic acid (the direct metabolite of dehydroshikimic acid) 
more than 200-fold (22). This provides obvious opportunities 



for significant future increases in vanillin production using 
yeasts as production organisms. 
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EXHIBIT B 



RESEARCH HIGHLIGHTS 



IN BRIEF 



3 INDUSTRIAL MICROBIOLOGY 

Denovo biosynthesis of vanillin in fission yeast 
[Schizosaccharomyces pombe) and baker's 
yeast [Saccharomyces cerevisiae) 

Hansen, E. H. el ai Appt. Environ. Microbiol. 13 Mar 2009 (a'oh TO. 1 1 28/ 
AEM.02681-08) 

Most vanillin, the compound in vanttla that gives it its flavour, 
Is produced from petrochemicals or wood pulp lignins. Hansen 
and colleagues have now produced strains of Saccharomyces 
cerevfsfce and Schizosaccharomyces pombe that can produce 
vanillin. They first searched for strains that did not convert 
vanillin to vanillyl alcohol. They then added genes from the 
dung mould Pbdospora pauciseta, a bacterium of the Nocardic 
genus, and humans, which allowed theyeast strains to produce 
vanillin (an additional gene from Corynebacterium gfotamicum 
was added to S.cerevisiae to activate the Nocardfa enzyme). At 
45-65 mg per litre, vanillin production was at a sufficient level 
to scale up for large-scale industrial production. These de npvo 
pathways for vanillin synthesis in yeast represent the first 
examples of one-cell microbial generation of these valuable 
compounds from glucose, 

3 PARASITOLOGY 

Influence of ecto-nucleoside triphosphate 
diphosphohydrolase activity on Trypanosoma cruzi 
Infectivity and virulence 

Santos. R. F. etai PLoS Negl Trap. Dis. 3, e387 po09) 

ATP is an important signalling molecule in the host response 
to pathogens. Many pathogens, including the eukaryotic 
parasite Trypanosoma cruzi, produce an ecto-nucleoside 
triphosphate diphosphohydrolase {ecto-NTPDase) that 
decreases extracellular ATP levels in the human host, 
thereby decreasing the immune response. Santos and 
colleagues now show that this enzyme ptays an important 
part in T. cruzi infections. Three inhibitors of eeto-NTPDase 
each decreased I cruzi infectivity. However, recombinant 
T. cruzi NTPDase 1 could be inhibited by only one of the 
three inhibitors, indicating that I cruzi produces additional 
ecto-NTPDase enzymes. Ecto-NTPDase could therefore be 
an important new target for drugs against T. cruzr. 

3 BACTERIAL PHYSIOLOGY 

RNase E autoregulates its synthesis in Escherichia coli 
by binding directly to a stenrHoop in the rne 
5' untranslated region 

Schuck> A., Diwa. A., Belasco. J. C. etai. Moi Microbiol 6 Mar 2009 
(doi: t0 J 11 1 f\: 1 363-2958.2009.06662.X) 
RNase E plays an important part in the breakdown of mRNA 
and the maturation of tRNA and rRNA in bacteria, as it 
cuts RNA into single-stranded regions that are ALI-rich. 
Because alterations in the concentration of the enzyme have 
detrimental effects on the cell, enzyme production is tightly 
regulated, in part through processing of the RNase E 
mRNA by RNase E itself. Schuck and colleagues show that the 
enzyme binds to the conserved hp2 stem loop In RNase E 
mRNA, yet cleaves that stem loop poorly. The authors 
speculate that this binding facilitates RNase E cleavage of 
the mRNA at other sites. Their findings help to clarify the 
mechanism by which hp2 mediates feedback regulation of 
RNase E levels. 
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Yeast bred to bear artificial vanilla 

Scientists co-opt fungi to produce flavor more efficiently 



By Racftel Ehranfcerg 



A jug of wine, a loaf of bread and now, 
vanilla. 

Yeast has Jong been pressed into ser- 
vice for making food and drink, and now 
scientists have recruited the fungus for a 
loftier flavor: vanillin, vanilla's dominant 
compound Scientists report In the May 

thatthey have engineered two strains of 
yeast to produce vanillin from glucose, 
a greener and cheaper route than previ- 
ous methods. 

'This is absolutely beautiful work," 
says John Rosazza, a medicinal and nat- 
ural products chemist at the University 
of Iowa inlowa City. There is a hugemar- 
ket for vanillin, Rosazza says. 

Vanillin is the dominant compound of 
thehundreds that arefound invanflla- an 
extractn^mtheseed-beaiingpods.called 
beans, of orchids in the genus VtouRa. 
But real vanilla beans are precious, rare 
and costly. Today, less than 1 percent 
of the vanillin sold each year is derived 
from the orchids. The majority is synthe- 



Two speotes of yeast have 
been engineered to mate 
vanillin {right), the dominant 
flavor compound In vanilla. 

sized in chemistry labs, and 
typically made from ligniu, a 
constituent of wood left over 
from the paper-making indus 
try, or guaiaeol, which is derived from 
wood creosote, 

Sdentasts previously have Used micro- 
organisms to make vanillin, but the pre- 
cursors are expensive and the process 
involves environmentally unfriendly 
chemicals, says togen Hansen of Bvolva 
Biotech's Copenhagen office. Also, vanil- 
lin itself is toxic to many microbes. 

Now Hansen, Birger Lindberg Mailer 
of the University of Copenhagen and 
colleagues have created a chemistry lab 
within two different species ofyeastgrow- 

also known as nssionyeast, andtfaccftaro- 
mycescerevkiae, baker's orbrewer*syeast 
Instead of using the typical expensive 
starting material, the team turned toglu- 



cose, acheap and available sugar. 7b make 
the yeast convert the glucose to vanillin, 
the team added genesmat encodefor spe- 
cific enzymes that spur the biochemical 
reactions. These genes 
included versions of 
i from a dung moid, two bacte- 
rial genes and a human gene. 
The team also knocked out a 
gene that directs the conver- 
sion of vanillin to an undesir- 
able form. The researchers say 
f were pleased with the yields: 
Fission yeast made 65 milligrams 
per liter of liquid in the flasks, 
baker's yeast 45 mg/L 
To further increase the yeast 
yield of vaniUin, the researchers 
added an additional gene that encodes 
for an eruyme that converts the straight 
vanilhnintoaformwimasugarattache4 
vamllinbeta-D-glucosia^. Tbisform isn't 
toxic, says Matter, allowing the yeast to 
hold more of the compound. Both the 
straight and sugar-laden vanillin could 
be used in foods and perfumes. 

While synthetic vanillin doesn't offer 
therichnavorsoftnievan^ 
form has its place, says Daphna Havkin- 
Erenkel director of research and develop- 
ment at Bakto Flavors in Rutgers, JU$ 




A good look at mimi 

Scientists have zoomed In on mlmfvirus, the enormous 
virus with the delicate name that has perplexed research- 
ers since its discovery In 1992. Its sfee (jts diameter is 
mom than 10 times that of the virus mat causes the 
common cold) and its hodgepodge of genetic and struc- 
tural traits blur the line of what is altve t says Michael 
Rossmarm of Purdue University in West Lalayette, tnd. 
Rossmann and an international team report the results 
of their reconnaissance online April 28 In PLa$ Bfofcgy. 
Crywleetmn microscopy images reveal the details of a 
starfish-shaped structure {A, B) that covers an opening in 
the virus coat through which DNA might be expelled when 
the virus infects a host The DNA is enveloped in a mem- 
brane, seen in gray in reconstructed renderings (C, D)> 
The new work may help scientists understand if and how 
the virus could cause disease. — flacfie/ Ehrenberg # 
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YEAST BRED TO BEAR ARTIFICIAL VANILLA 

Researchers have co-opted fungi to produce the flavor more 

efficiently 

By Rachel Ehrenberg 

May 23rd, 2009; Vol.175 #11 (p. 9) 




Enlarge 



True vanilla Is an extract from the seed-bearing pods of Vanilla planifolia 
(above) or Vanilla tahitensis. 

National Park Service Photo 
A jug of wine, a loaf of bread and now, vanilla. 

Yeast has long been pressed Into service for making food and drink, and now 
scientists have recruited the fungus for a loftier flavor: vanillin, vanilla's dominant 

compound. Scientists report in an upcoming Applied and Environmental 
Microbiology that they have engineered strains of beer and bakers yeast to 
produce vanillin from glucose, a greener and cheaper route than previous 
methods. 

This is absolutely beautiful work/ says John Rosazza, a medicinal and natural 
products chemist at the University of Iowa in Iowa City. There is a huge market 
for vanillin, Rosazza says. 

Vanillin is the dominant compound of the hundreds that are found in vanilla — 
an extract from the seed-bearing pods, called beans, of two orchids, Vanilla 
planifolia and Vanilla tahitensis. But real vanilla beans are precious, rare and 
costly. Today, less than a percent of the vanillin sold each year is derived from 
the orchids. The majority of vanillin is synthesized in chemistry labs, and 
typically made from iignin, a constituent of wood left over from the paper-making 
industry, or guaiacoi, which is denVed from wood creosote, 
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Scientists have .engineered two species of yeast to make vanillin (above } t the 
dominant flavor compound in vanilla. 

Scientists have also used microorganisms in a multistep process to make 
vanillin from two plan! compounds, ferullc acid and eugenoL But these 
precursors are expensive and the process involves environmentally unfriendly 
chemicals, says Jflrgen Hansen of Evofva Biotech's Copenhagen office. Also, 
vanillin itself is toxic to many microorganisms, complicating matters. 

Now Hansen, Birger Undberg Mailer of the University of Copenhagen in 
Denmark and colleagues created a chemistry lab of their own within two 
different species of yeast: Schizosaccharamyces pombe, also known as fission 
or beer yeast, and baker's or brewer's yeast, Saccharomyces cerews/ae. 
Instead of using the typical expensive starting material, the team turned to 
glucose, a cheap and available sugar. To make the yeast convert the glucose to 
vanillin, the researchers added genes that encode for specific enzymes that 
spur the reactions. These genes Included one from the dung mold Podospora 
pauciseta, two bacterial genes and a human gene. 

The team atso knocked out the gene that directs the conversion of vanillin to an 
undesirable form. The researchers report thai they were pleased with the yields: 
the beer yeast made 66 milligrams per liter, the baker's yeast 45 mg/l. 

To further increase the yeast yield of vanillin, the researchers then added an 
additional gene that encodes for a plant enzyme that converts the straight 
vanillin into a form with a sugar attached, vanillin beta-D-glucoside. This form 
isn't toxic at ail, says Meifer, allowing the yeast to hold much more the 
compound. And because the added sugar is easily broken down in the mouth or 
on the skin, both the straight and sugar-laden vanillin could be used In foods 
and perfumes. 

Vanillin may also find its way into pain-relieving drugs, Roller says. Vanillin is 
one of the molecules in the biochemical pathway that leads to capsaicin, the 
compound that gives chili peppers their heal and is under investigation as a pain 
reliever. 

"Somehow all people like vanilla," he says. *Why? Is it the immediate taste? 
Ooes it hide some pain we're not aware is there?" 

While synthetic vanillin doesn't offer the rich flavors of true vanilla, the artificial 
form has its place, says Daphna Havkin-Frenkel, director of research and 
development at Bakto Flavors in Rutgers, N.J. 

If you seek real vanilla, though, read your labels carefully, she says. Calling 
synthetic vanilla real vanilla Is almost a political problem," she says, "People are 
very passionate about vanilla." 
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